The membrane proteins, low-density lipoprotein receptor (LDLR) and scavenger receptor class B member 1 (SR-BI, gene name Scarb1), are lipoprotein receptors that play central roles in lipoprotein metabolism. Cholesterol bound in high-density lipoprotein (HDL) and LDL is transported into cells mainly by SR-BI and LDLR. The relative contribution of LDL and HDL to the steroidogenic cholesterol pool varies among species and may vary among tissues within one species. To investigate which of these pathways is more important in the supply of cholesterol in mouse ovary, we utilized immunohistochemistry, western blotting, RNAi, and RT-PCR as well as Ldlr −/− mice to explore the uptake of HDL and LDL in the ovary. Our data demonstrate that both SR-BI and LDLR are present in the interstitial cells, thecal cells, and corpora lutea (CLs), and their expression fluctuates with the development of follicles and CLs. The intracellular cholesterol concentration was significantly decreased when Ldlr or Scarb1 was silenced in luteal cells. Furthermore, Ldlr −/− mice had lower progesterone and estrogen levels compared to wild-type mice, and when Ldlr −/− mice were treated with the inhibitor of de novo cholesterol synthesis, lovastatin, serum progesterone, and estrogen concentrations were further reduced. These results demonstrate that both LDLR and SR-BI play important roles in importing cholesterol and that both HDL and LDL are crucial in steroidogenesis in mouse ovaries.
Introduction
The two primary functions of the ovaries are to produce oocytes and to secrete steroid hormones in support of reproductive functions, including gestation. One of the most active steroidogenic tissues is the corpus luteum (CL), which is formed from the components of a follicle following ovulation. The sex steroids, estrogen, progesterone, and a small amount of androgen are produced by follicular cells and CLs. These steroids are important paracrine factors for the maintenance of follicular development in the ovarian microenvironment and are actively involved in the regulation of pituitary gonadotropin secretion in the systemic circulation [1] . Much information about the roles of sex steroids in ovarian functioning has been obtained in studies directed at the action of estrogen [2] [3] [4] and progesterone [5] [6] [7] . The classical two cell-two hormone model dictates that pregnenolone synthesized from cholesterol is converted to androgens (androstenedione and testosterone) by the action of steroid generating enzymes in thecal cells, and these androgens are passively transported to the granulosa cells (GCs) to be converted to estrogen. This model emphasizes the cooperation of the two cell types (theca and granulosa) that are necessary for estrogen production [8] . The ratelimiting factors of progesterone synthesis are STAR and CYP11A1 (cytochrome P450, family 11, subfamily a, polypeptide 1), while the estrogen synthesis limiting enzymes are CYP17A1 (cytochrome P450, family 17, subfamily a, polypeptide 1) and CYP19A1 (cytochrome P450, family 17, subfamily a, polypeptide 1) [9] . In addition, the synthesis of all these sex steroids requires cholesterol as substrate [10] .
Tissues synthesize cholesterol in the presence of a cholesterollimiting enzyme HMGCR (3-hydroxy-3-methylglutaryl-coenzyme A reductase). Statins are a class of drugs that reduce the capacity of cholesterol synthesis by inhibiting the activity of HMGCR [11, 12] . Most cholesterol in cells is used to form cell membranes and steroids, and excess cholesterol is released through ABCA1 (ATPbinding cassette transporter A1), which is responsible for the transportation of apolipoprotein A1 (apoA1) [13] [14] [15] [16] [17] , the major protein component of high-density lipoproteins (HDL). ABCA1 uses ATP as an energy source, promotes the efflux of free cholesterol and lipids in cells, and plays an important role in cholesterol and HDL metabolism. Furthermore, studies have shown that heterozygous and homozygous patients of Tangier disease with loss-of-function mutations in the Abca1 gene have low HDL-bound cholesterol (HDL-C) levels, which proves the critical role of ABCA1 in HDL formation [18, 19] .
Low-density lipoprotein (LDL) and HDL are lipid and protein complexes, they are the carriers of cholesterol and other lipids in the bloodstream. The cholesterol substrate required for most tissues including the ovary to accomplish steroidogenesis exceeds the capacity of de novo synthesis of this sterol, and tissues need to import HDL and LDL from the blood circulation to provide a sufficient supply of cholesterol [20] . The relative contribution of HDL-C and low lipoprotein-bound cholesterol (LDL-C) to the steroidogenic substrate pool varies among species and even varies among tissues within one individual. In humans, the cholesterol required for luteal steroid synthesis is mainly provided by LDL in the blood circulation, but it has also been shown that luteinized human GCs can derive cholesterol esters by selective uptake via the HDL pathway [21] . In these cultured human GCs, cholesterol carried by HDL and LDL is used for progesterone synthesis [22] . In both in vivo and in vitro contexts, cholesterol uptake depends on gonadotropin (LH) support and enzymatic (phospholipase) regulation [23] . Similarly, in rodents, circulating HDL is believed to be the major source of cholesterol for luteal steroid synthesis [20] , while LDL and de novo synthesis can also contribute [24] .
Importation of cholesterol requires membrane receptors. Scavenger receptor-BI (SR-BI) is a membrane protein and the receptor for HDL. The selective uptake of cholesterol esters from HDL into cells and the bidirectional transfer of free cholesterol are closely related to the interaction between HDL and SR-BI [22] . Previous research found that SR-BI is used to uptake cholesterol esters in cultured rat primary GCs for steroid synthesis [25, 26] , and mice deficient in SR-BI have abnormal lipoprotein metabolism and reversible female infertility [27] . Deficiency of SR-BI is also associated with lower progesterone concentration in cultured human GCs [28] . Furthermore, women with low SR-BI expression in GCs decrease plasma estradiol levels by half and have significantly less retrieved oocytes [29] . Moreover, certain Scarb1 polymorphisms have been associated with lower progesterone levels and significantly reduced clinical pregnancy rate [30] .
LDLR is a separate and distinct membrane protein that mediates cholesterol uptake from LDL by endocytosis [23, 24] . Since Ldlr −/− female mice are subfertile [26] , therefore, SR-BI has been regarded as the major pathway for the importation of HDL-C in mouse ovary. However, a recent study demonstrated that the infertility of Scarb1 −/− females is caused by excess cholesterol accumulated in oocytes, and thus induced the premature activation of them through escaping from MII arrest and progressing to pronuclear stage before fertilization [31] . Furthermore, Cherian-Shaw and his colleagues demonstrate that the luteinizing GCs in the macaque utilize stored cholesterol esters as a progesterone substrate upon ovulatory stimulus until they are depleted, then new cholesterol esters are obtained through an LDLR-and/or SR-BI-mediated uptake [32] . While another study found that for murine GCs, the functional relationship between selective cholesteryl ester uptake and SR-BI receptor protein is not as tight as previously reported [33] . So, to date, the importance of LDL-C and HDL-C as well as the receptors and pathways exploited for the steroidogenesis in the ovaries remains an enigma. In this investigation, we studied the roles of LDLR and SR-BI, and provide evidence that both LDL and HDL-derived cholesterol are important in maintaining the homeostasis of cholesterol in mouse ovary. 
Materials and methods

Mice
Isolation of luteal cells
Ovaries were removed from prepubertal mice (3-4 weeks old) at hCG 18 h after PMSG treatment for 48 h, and were washed twice with sterile phosphate-buffered saline (PBS, pH 7.2). The ovaries were then immediately transferred to a 35-mm cell-culture dish containing 2.5 ml DMEM/F12 (Gibco, USA). Under dissecting microscope, the ovary was sliced in half and the two halves were held in place with injection needles to the bottom of the dish. Then the CLs were carefully stripped off, and an ovary could have more than 20 CLs. The stripped CLs were pooled, and the luteal cells from each CL were released by manual puncture with gauge needles followed by pressuring applied with a sterile spatula. Then the luteal cells were collected and the debris was removed, after that the cell suspension was filtered through a 150-μm Nitex nylon membrane (Sefar America, Inc.) mounted in a Swinnex filter (Millipore) to remove undigested tissues and then through a 35-μm membrane. Subsequently, the luteal cells were centrifuged at 3000 rpm for 10 min at 4 • C, followed by two washes in DMEM/F12.
The final cell pellet was frozen at -80 • C for qPCR or cultured in DMEM/F12 medium containing 1% penicillin/streptomycin solution (Solarbio, Beijing, China) and 10% fetal bovine serum (Excell Bio, Australia) [34] .
Small interfering RNA transfection
To silence Ldlr or Scarb1, DMEM containing small interfering RNA for Ldlr (100 nM), Scarb1 (100 nM), or negative control (100 nM; Ribobio, Guangzhou, China) was transfected into luteal cells in 24-well plate when the confluence reached 80% using riboFECT CP transfection kit (Ribobio, Guangzhou, China) according to the manufacturer's protocol. The transfection efficiency was detected by realtime PCR after 48 h of transfection. After 48 h of transfection, human HDL and LDL (Yiyuan Biotech Co., Ltd, Guangzhou, China) were added to the culture medium (final concentration of 5.8 mg/L) and then cultured for 36 h. Subsequently, the concentration of cholesterol in luteal cells was detected using a kit (Applygen Technologies Inc.).
DiI-LDL and DiI-HDL uptake
At 4 h prior to ovary collection after gonadotropin stimulation, the animals were tail-vein injected with 0.4 μg DiI-LDL or 0.4 μg DiI-HDL (Yiyuan Biotech. Co., Ltd, Guangzhou, China). DiI-LDL or DiI-HDL was diluted to 20 μg/ml by PBS. The ovaries were dissected and fixed in 4% (w/v) paraformaldehyde overnight at 4 • C, and were then embedded in OCT and snap frozen in liquid nitrogen. The cryosections (10 μm) were subsequently blocked in PBS with 1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) for 1 h at room temperature, and were washed three times with PBS; the sections were then stained with 10 μg/ml 4 ,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich, USA) and subsequently dehydrated, mounted, and photographed using a laser scanning confocal microscope (Leica TCS SPE, Germany) [35, 36] .
Immunohistochemistry
Cryosections (10 μm) were fixed in acetone for 10 min at -20 • C; after incubation with 0.3% Triton X-100 in PBS for 30 min, the sections were washed with PBS, and were treated in methanol with 0.3% hydrogen peroxide (H 2 O 2 ) for 20 min to eliminate endogenous peroxide activity. The sections were subsequently blocked in PBS with 5% BSA for 30 min and were then incubated with rabbit anti-LDLR (10007665-1, Cayman; 1:500 dilution) polyclonal antibody or goat anti-SR-BI polyclonal antibody (M-180, Santa Cruz; 1:200 dilution) overnight at 4
• C; after washing three times with PBS, the samples were treated with a peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:1000 dilution; SC-2040, Santa Cruz) for LDLR or rabbit antigoat IgG secondary antibody (1:400 dilution; ZB-2306, ZSGB-Bio) for SR-BI for 1 h at room temperature. Positive signals were developed using DAB kit (Zsgb-Bio, Beijing, China). Finally, the sections were counterstained with hematoxylin. The sections were then dehydrated, mounted, examined, and photographed using an automatic digital slide scanner (Pannoramic MIDI II, 3Dhistech). Negative controls were incubated with 2.5% BSA instead of the primary antibody [37] .
RNA isolation and real-time PCR
Ovaries were homogenized in TRIzol Reagent (Tiangen Biotech Co., Ltd, Beijing, China), and then RNA was extracted from the samples according to the manufacturer's instructions. Total RNA pretreated with RNase-free DNase (Tiangen Biotech Co., Ltd) was used for synthesizing single-stranded complementary DNA (cDNA) using Fast Quant RT Kit (Tiangen Biotech Co., Ltd). Real-time PCR was performed using SYBR green master mix on LightCycler R 96 System (Roche Diagnostics Ltd, Basel, Switzerland). The sequences of the primers used were given in Table 1 . PCR was carried out under the following conditions: 3 min at 95
• C; 40 cycles of 15 s at 95
• C, 20 s at 60
• C and 20 s at 72
5 min at 72
• C. Melting-curve analyses were done to verify product identity. PCR was performed in triplicate and was presented relative to the abundance of endogenous β-actin in the same sample. PCR amplification efficiency was analyzed utilizing the LightCycler 96 software (Academic Medical Center, Amsterdam, Netherlands), and the data were computed according to a calibrator sample using the Ct method [38] .
Western blot analysis of LDLR and SR-BI
Mouse ovaries were lysed using protein extraction reagent RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) with protease inhibitors (SigmaAldrich, St. Louis, Mo., USA). Proteins were separated by electrophoresis and were blotted onto a polyvinylidene fluoride membrane (Hybond, Amersham Pharmacia Biotech, Piscataway, NJ, USA). After transfer, the membranes were incubated with 5% nonfat Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/6/862/4582253 by OUP site access user on 08 October 2018 • C overnight. Antibodies against LDLR and SR-BI were the same used for immunohistochemistry described above. Primary antibody binding was detected using horseradish peroxidase-conjugated secondary antibody (1:5000 dilution). Detection was achieved with the ECL chemiluminescence kit (Millipore, Billerica, CA, USA). The relative intensities of the bands were analyzed by Quantiscan software (Biosoft, Great Shelford, Cambridge, UK) [39] .
Serum estrogen and progesterone analysis
Plasma concentration of estrogen was detected by a double-antibody radioimmunoassay system using an iodine ( 125 I) estradiol Radioimmunoassay Kit (Jiuding Biological Engineering, Tianjin, China). The coefficients of variation (CVs) of inter-and intra-assay were 8.9% and 7.7%, respectively. The sensitivity of the assay was 2.1 pg/ml. The concentration of progesterone was detected using an iodine ( 125 I) Progesterone Radioimmunoassay Kit (Jiuding Biological Engineering). The sensitivity of the assay was 0.03 ng/ml. The CVs of interand intra-assay were 8.9% and 7.2%, respectively.
Statistical analysis
All data were analyzed using Graphpad prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA) or SPSS Statistics 22 software (IBM, Chicago, IL, USA). For the experiments described in Figures 1,  2 , 4, and 6, differences between the two groups were analyzed by Student t-test. For Figure 5 with more than two groups of treatments, one-way ANOVA followed by the least significant difference test was used to evaluate statistical significance among different groups. A P value <0.05 was considered statistically significant. The data are represented as mean ± SEM, and all experiments were repeated at least three times independently.
Results
Uptake of DiI-HDL and DiI-LDL by follicles and corpus luteums
To examine the specific uptake of cholesterol in ovaries via bloodborne LDL-C or HDL-C, red-fluorescing tagged lipoproteins (DiI-LDL or DiI-HDL) were tail-vein injected into adult mice 4 h prior to ovary collection at the time of 24 h, 48 h after PMSG, and 12 h, 18 h, 24 h, 36 h, 48 h, 72 h after hCG administration. Substantial red-fluorescing DiI-LDL or DiI-HDL was localized in thecal, interstitial cells, and CLs ( Figure 1A ). The fluorescence intensity was analyzed by Image J; the results showed that the intensity of DiI-LDL was gradually increased during folliculogenesis and ovulation, and reached the peak at 36 h after hCG administration, and from then on it decreased; as for DiI-HDL, a similar situation existed, only that the peak time point was at 24 h after hCG stimulation ( Figure 1B ).
Abundance of Ldlr and Scarb1 mRNA in ovaries
Real-time PCR results showed that there was no significant change at mRNA level of Ldlr from PMSG 0 h to hCG 72 h (Figure 2A) ; while Scarb1 was less stable, its transcription level increased greatly and reached the highest at hCG 36 h ( Figure 2B ). However, their expression at protein levels for both was significantly changed at various stages of follicular development (Figure 2C-E) . LDLR protein gradually increased during the luteal phase, and was the maximum at hCG 48 h, followed by abatement ( Figure 2D ). As for SR-BI, its expression tendency was similar to that of LDLR, only that the highest point was at hCG 24 h ( Figure 2E ).
Localization of LDLR and SR-BI in ovaries
Localization of LDLR ( Figure 3A-D) and SR-BI ( Figure 3E -H) was detected by immunohistochemistry using prepubertal mice (3-4 weeks old) after gonadotropin treatment. LDLR and SR-BI were found in interstitial cells, thecal cells, and CLs. The expression of LDLR increased during the luteal phase and was the highest at hCG 48 h ( Figure 3B-D) ; similarly, the expression of SR-BI increased before hCG 24 h and decreased subsequently in the development of CL ( Figure 3F-H) .
Expression of the genes involved in cholesterol utilization and transportation in ovaries
Many genes are involved in cholesterol transport and utilization, including Star, Cyp11a1, Cyp17a1, Cyp19a1, Abca1, Hmgcr. The genes which are crucial for cholesterol progesterone synthesis, including Star and Cyp11a1, continued to increase during the luteal phase and both reached the peak at hCG 48 h (Figure 4A and B) , whereas the expression of Hmgcr, the rate-limiting enzyme in the biosynthesis of cholesterol, increased at the same time, while its peak appeared earlier, and then decreased significantly with the luteal regression ( Figure 4C ). On the contrary, the transcription of the rate-limiting enzymes of estrogen synthesis, Cyp17a1 and Cyp19a1, decreased significantly during this phase ( Figure 4D and E) . Abca1, the gene encoding a cholesterol efflux regulatory protein remained stable during the luteal phase ( Figure 4F ).
Effects of silencing Ldlr and Scarb1 on the absorption of cholesterol
To study the roles of Ldlr and Scarb1 in cholesterol absorption, luteal cells were isolated and cultured ( Figure 5A ). Real-time PCR results demonstrated that silencing of Ldlr resulted in marked reduction of Ldlr mRNA and the interference efficiency was about 78% ( Figure 5B) . Similarly, silencing efficiency of Scarb1 was around 83% ( Figure 5B ). Intracellular cholesterol concentrations were decreased about 30% when Ldlr or Scarb1 was silenced respectively ( Figure 5C ). When both Ldlr and Scarb1 were silenced, the intracellular cholesterol concentration decreased about 70%; furthermore, lovastatin (an inhibitor of HMGCR) treatment further reduced the cholesterol concentration of the cells about 87% ( Figure 5D ).
Serum progesterone and estrogen concentrations of WT and Ldlr −/− adult mice Adult WT or Ldlr −/− mice stimulated with PMSG and hCG were injected with placebo (control) or lovastatin (20 mg/g body weight) 6 h before serum collection which was carried out 18 h after hCG administration. The concentrations of progesterone and estrogen were determined. The progesterone concentration decreased significantly in mice with Ldlr gene disruption ( Figure 6A ). When Ldlr −/− mice were treated with lovastatin, which effectively diminishes endogenous cholesterol synthesis, the progesterone concentration was further reduced ( Figure 6A ). The change of estrogen concentration was approximately the same as that of progesterone ( Figure 6B ).
Discussion
In this study, we demonstrated that the uptake of both HDL and LDL by ovaries during folliculogenesis and CL development is of significance to local steroidogenesis. Both SR-BI and LDLR are present in the interstitial cells, theca cells, and CLs, and their expression patterns concurred with the development and regression of follicles and CLs. Cholesterol concentration was significantly decreased when Ldlr or Scarb1 was silenced in luteal cells. Furthermore, Ldlr −/− mice had lower progesterone and estrogen levels compared to WT mice, and when Ldlr −/− mice were treated with lovastatin, their serum progesterone and estrogen concentrations were further reduced. These results suggested that both cholesterol import and de novo synthesis are important; in addition, both SR-BI and LDLR are crucial in the course of ovarian cholesterol uptake for steroid synthesis. Progesterone and estrogen are essential for implantation and pregnancy maintenance; abnormal synthesis may lead to some reproductive related diseases [40] . Therefore, it is very important to understand the supply of their substrate cholesterol. A constant supply of cholesterol is needed for the synthesis of steroid hormones in ovaries. Although three potential sources of cholesterol contribute to the pool needed for ovary steroidogenesis (de novo synthesis, exogenous HDL, and LDL), it is well accepted that plasma lipoproteins, including HDL and LDL, are the major source of cholesterol for steroid production in ovaries [41] .
Furthermore, between HDL and LDL, the traditional opinion is that HDL is the main source required for mouse ovary steroidogenesis [26] . While SR-BI plays an important role in the process of progesterone synthesis, knockout of Scarb1 −/− leads to ovarian pathology and suboptimal luteal steroidogenesis and the levels of plasma progesterone decreased about 50% [24, 30] . Scarb1 −/− females are sterile due to abnormal lipoprotein metabolism and unexplained oocyte defects [27, 41] . Further, this infertility is reversed by transplant of the Scarb1 −/− ovaries to WT females [42] .
It is not until recently that the researchers found the infertility of Scarb1 −/− females is caused by cholesterol accumulation in oocytes and thus results in the premature activation before fertilization [31] . In our study, RNAi experiment indicated that the content of cholesterol in cultured primary cells was obviously reduced when Scarb1 was downregulated; moreover, the uptake of DiI-HDL and the expression of SR-BI during the development of CL provided additional evidence for the vital role of SR-BI for steroid synthesis in ovaries. Previous study has demonstrated that, despite the dominance of HDL over LDL in rat serum, LDL appears to be the preferred carrier for cholesterol transport and uptake by the retina [43] . Our study also suggested that blood-borne LDL may represent a significant contributor to the steady-state levels of cholesterol in the ovaries of mice, although the concentration of HDL is higher in the bloodstream [25, 44] . Our previous study also showed that the Ldlr deletion significantly decreased fertility, estrogen levels and estrus length, disturbed plasma, and ovarian lipid metabolism [45] . In this study, we found that LDLR and SR-BI exist in the cumulus oophorus of the follicle, suggesting they might serve as an important source of cholesterol for the maturing oocyte. Furthermore, our in vivo experiments demonstrated that the levels of progesterone and estrogen in Ldlr −/− mice decreased about 30%. These results indicated that LDL is also vital for the supply of cholesterol.
To ensure implantation and pregnancy, CLs express high levels of key proteins involved in the uptake, synthesis, transport, and utilization of cholesterol [46] . In this study, we found that the expression of Star and Cyp11a1 were consistent with that of LDLR and SR-BI to fulfill the destination of luteal steroidogenesis and early pregnancy. While the genes of Cyp17 and 19 are mainly expressed in the preovulatory follicles, this is in keeping with the view that there is an estrogen peak before ovulation [47] .
The feedback system for cholesterol homeostasis is regulated by sterol-regulatory element binding protein (SREBP) (31); the important transcriptional targets of SREBP are Ldlr and Hmgcr gene operon [48] . Evidence from the present investigation indicated that the expression of Hmgcr was elevated after ovulation, and this was also consistent with the expression of LDLR and SR-BI. ABCA1 has been known for its key role in hepatic cholesterol efflux [46] [47] [48] ; it induces pathways that modulate cholesterol homeostasis in follicles and CLs. In our study, the expression of Abca1 in follicular and luteal phase was stable. This indicated, to some extent, that the amount of cholesterol efflux from the cells was stable in ovaries and the amount of cholesterol required for ovarian hormone synthesis was independent of the level of Abca1 expression. In addition, when Ldlr −/− mice were treated with lovastatin, their serum progesterone and estrogen were further reduced. The results of interfering the expression of Scarb1 or/and Ldlr by Scarb1-siRNA or/and Ldlr-siRNA together with the in vitro effect of lovastatin addition further suggested that SR-BI is not the major receptor for cholesterol uptake, and the cholesterol required for steroid synthesis by mouse ovaries is supplied by both LDL and HDL; moreover, our study also indicated that de novo synthesis is also an important alternative to supply cholesterol for ovarian steroidogenesis.
There are three immediate sources of cholesterol for steroidogenesis: lipoprotein cholesterol, de novo synthesis, and intracellular cholesteryl ester stores [46] . Employing oral administration or intravenous injection of labeled cholesterol and cholesterol precursors, Gwynne and his colleagues have demonstrated that at least 80% of the steroidogenic substrate of CLs come from extracellular sources [49] ; therefore, our results are consistent with previous investigations. However, the exact contribution of these supplying sources in vivo needs to be further investigated.
In conclusion, we provided direct evidence that cholesterol as substrate for progesterone and estrogen synthesis is provided by LDL and HDL mediated by LDLR and SR-BI as well as de novo synthesis.
Apparently, HDL is not the only major source of cholesterol required for steroid synthesis in mice. LDL-C and HDL-C are in a dynamic balance for cholesterol supply; LDLR, SR-BI, and de novo synthesis are all crucial in maintaining the homeostasis of cholesterol in mouse ovary.
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